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The Λc(2590)Σc system can exchange a pion near the mass-shell. Owing to the opposite intrinsic
parity of the Λc(2590) and Σc, the pion is exchanged in S-wave. This gives rise to a Coulomb-
like force that might be able to bind the system. If one takes into account that the pion is not
exactly on the mass shell, there is a shallow S-wave state, which we generically call the Ycc(5045)
and Ycc¯(5045) for the Λc(2590)Σc and Λc(2590)Σ¯c systems respectively. For the baryon-antibaryon
case this Coulomb-like force is independent of spin: the Ycc¯(5045) baryonia will appear either in the
spin S = 0 or S = 1 configurations with G-parities G = (−1)L+S+1. For the baryon-baryon case
the Coulomb-like force is attractive in the spin S = 0 configuration, for which a doubly charmed
molecule is expected to form near the threshold. This type of spectrum might be very well realized
in other molecular states composed of two opposite parity hadrons with the same spin and a mass
difference close to that of a pseudo-Goldstone boson, of which a few examples include the Λ(1405)N ,
Λ(1520)Σ∗, Ξ(1690)Σ, D∗s0(2317)D and D
∗
s1(2460)D
∗ molecules.
The discovery of the X(3872) a decade ago by Belle [1]
opened a new era in hadron spectroscopy. The X(3872)
was the first member of a growing family of states above
the open charm and bottom thresholds that do not fit
into the traditional charmonia and bottomonia spec-
tra, the XYZ states. Their seemingly unending va-
riety requires a series of explanations which includes
tetraquarks [2–6], pentaquarks [7–11], hybrids [12, 13]
threshold effects [14–17], hadrocharmonia [18], bary-
ocharmionia [19] and of course molecules [20–25] (see
Refs. [26–28] for reviews). In fact the most promising ex-
planation for the X(3872) is that of a molecular state, i.e.
a bound state of two hadrons, in particular the D0D¯0∗.
Yet the X(3872) is not the only instance. Other molecu-
lar candidates include the Zc’s in the charm sector [29, 30]
and the Zb’s in the bottom one [31, 32]. The recent dis-
covery of the Pc(4380)
+ and Pc(4450)
+ pentaquarks [33]
might add the later to the family of molecular candidates:
the Pc(4450)
+ could be a ΣcD¯
∗ or Σ∗cD¯
∗ molecule [34–
36]. Hadron molecules were theorized three decades ago
in analogy with the deuteron [20, 21]: the exchange of
light mesons generates a force that might very well be
able to bind a hadron system. Here we will consider a
particular type of hadron molecule — the Λc1Σc baryon-
baryon and Λc1Σ¯c baryon-antibaryon systems — where
the exchange of a pion near the mass shell mimics the
time-honored Coulomb-potential.
In a recent work [37] we have discussed a molecular
explanation for the Pc(4450)
+ which besides the usual
ΣcD¯
∗ also involves a Λc1D¯ component, where the Λc1
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denotes the Λc(2590). This generates a vector force —
the equivalent of a tensor force but with angular mo-
mentum L = 1 instead of L = 2 — that might play an
important role in binding and might trigger discrete scale
invariance if strong enough. A curious thing happens if
the D¯∗ and D¯ piece of this molecule is changed by a Λ¯c1
and Σ¯c: we obtain a Coulomb-like 1/r potential. This
opens the prospect of a molecule exhibiting a hydrogen-
like spectrum, which will be broken at low energies owing
to the off-shellness of the pion. Besides we find it indeed
remarkable that there is the possibility of making rela-
tively concrete predictions for heavy hadron molecules
without a strong requirement of guessing the short-range
physics or using arbitrary form-factors 1. Yet we will use
these type of assumptions to check the robustness of the
results.
The mechanism by which a Λc1Σc molecule binds is
generic and applies to other hadron systems. The ex-
change of a pseudo-Goldstone boson between a negative
and positive parity hadron pair with the same spin leads
to a Yukawa potential. In addition there is a tendency for
negative (positive) parity hadrons to be near the thresh-
old of a positive (negative) parity hadron and a pseudo-
Goldstone boson. As a consequence the range of the in-
teraction will be considerably larger than expected. In
the light sector examples are the Λ(1405)-NK¯ [38, 39]
and Λ(1520)-Σ∗pi [40]. The Ξ(1690)-ΣK¯ system might be
1 The standard tensor force diverges as 1/r3 at short distances. If
attractive, the eigenvalues of the hamiltonian do not have a lower
bound, i.e. the energy of the fundamental state goes to minus
infinity. The solution is to include a form factor. This does not
happen with a Coulomb or Yukawa potential.
2a third instance if the quantum numbers of the Ξ(1690)
turn out to be 1
2
−
, as suggested in [41]. In the heavy
sector, if we restrict ourselves to experimentally known
hadrons, besides Λc1-Σcpi, we also have D
∗
s0(2317)-DK
and D∗s1(2460)-D
∗K [42–44] (where a recent calculation
shows that theD∗s0D andD
∗
s1D
∗ systems are bound [45]).
Theoretical explorations [46–48] indicate that this type
of heavy hadron pairs is common.
We explain now the Coulomb-like potential for the Ycc
(Λc1Σc) and Ycc¯ (Λc1Σ¯c) molecules. We begin with the
baryon-antibaryon case, for which we consider states in
the isospin basis with well-defined G-parity
|Λc1Σ¯c(η)〉 = 1√
2
[|Λc1Σ¯c〉+ η |ΣcΛ¯c1〉] , (1)
where G = η(−1)L+S , for which the one pion exchange
(OPE) potential reads
VOPE(r) = η
h22ω
2
pi
4pif2pi
e−µpir
r
, (2)
where µ2pi = m
2
pi − ω2pi, with ωpi = mΛc1 − mΣc . The
potential is derived from the Lagrangian of Cho [49] and
the formalism of Refs. [50, 51], which leads to the non-
relativistic amplitude A(Λc1 → Σcpi) = h2 ωpi/fpi. We
take fpi = 130MeV and h2 = 0.63± 0.07 [52] (this value
is based on a theoretical analysis of the Λc1 decays and is
almost identical to h2 = 0.60± 0.07 from CDF [53]). In
the isospin symmetric limit µ2pi < 0, yielding a complex
potential similar to the one in the X(3872) (except that
it is much stronger). However if we consider the isospin
components of the Ycc¯(5045)
|1 ,+1〉I = 1√
2
[|Λ+c1Σ¯0c〉+ η |Σ++c Λ¯−c1〉] , (3)
|1 , 0〉I = 1√
2
[−|Λ+c1Σ¯−c 〉+ η |Σ+c Λ¯−c1〉] , (4)
|1 , −1〉I = 1√
2
[|Λ+c1Σ¯−−c 〉+ η |Σ0cΛ¯−c1〉] , (5)
upon closer inspection we realize that themI = ±1 states
exchange a charged pion and the mI = 0 a neutral pion.
For the charged pion case µ2
pi±
> 0 and the OPE potential
displays exponential decay at long distances. The effec-
tive pion mass is µpi± ≃ 18MeV, which translates into
eight times the standard range of OPE. If we consider the
reduced potential instead, we can define the equivalent
of the Bohr radius as
2µY V (r) = η
2
aB
e−µpir
r
, (6)
where µY is the reduced mass and aB is given by
aB =
4pi f2pi
µY h22 ω
2
pi
= 4.4+1.2−0.8 fm , (7)
where for the masses of the Λc1 and Σc we take the values
of the PDG [54]. It is also interesting to consider the Bohr
momentum
γB =
1
aB
= 45+10−10MeV . (8)
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FIG. 1. Location of the Y +cc¯ (Λ
+
c1Σ¯
0
c) threshold and its clos-
est decay channels, the Σ+c Σ¯
0
cpi
0 (4.4MeV below the thresh-
old) and the Λ+
c1 → Λcpi
+
pi
− and Σ++c → Λ
+
c pi
+ (26.7 and
27.7MeV below respectively).
If the Λc1 and Σc were stable and the pion were on the
mass shell, for η = −1 and in the absence of short range
forces we will have the Coulomb-like spectrum
En,l = − 1
2µY
(
γB
n+ l+ 1
)2
, (9)
with l the angular momentum and where we take n = 0
for the ground state in each partial wave.
However neither the pion is on the mass shell nor the
Λc1 and Σc are stable. The finite effective mass of the
pion means that Coulomb-like bound state are expected
to survive only if their binding momentum fulfills the
condition
γB
n+ l+ 1
> µpi , (10)
which can only be met for n + l + 1 ≤ 2 at best, leav-
ing room for few bound states at most. In fact con-
crete calculations show that only the n = 0 S-wave
states survives. It is also important to consider the
possible impact of the finite width of the Λc1 and Σc
heavy baryons, about 2MeV. In the absence of short-
range forces the energy of the fundamental state is ex-
pected to be E = −0.8+0.4−0.3MeV, which is about half the
width of the heavy baryons. The authors of Ref. [44] ar-
gue that the width of the components can be ignored if
their lifetime is ample enough for the formation of the
bound state. This is equivalent to the condition Γ ≪ m
with m the mass of the exchanged meson. If instead of
the physical pion mass we take the effective pion mass
µpi ∼ 20MeV to be on the safe side, there is still plenty
of time for the formation of the bound state before its
components decay. Hence we expect it to survive.
Yet there is a second argument that calls for relative
caution. In a more complete analysis of bound states
3with unstable constituents, Hanhart et al. [55] proposed
to check the dimensionless ratio
λ =
ΓR
2ER
, (11)
where R refers to a decay channel of one of the con-
stituents, ΓR the partial decay width and ER the energy
gap to that decay channel. The Ycc¯ decays induced by
its components can be seen in Fig. 1. If we consider the
decays mediated by Σ++c → Λ+c pi+ and Λ+c1 → Λcpi+pi−
(i.e. Y +cc¯ → Λ+c1Λ¯−c pi+ and Y +cc¯ → Λ+c Σ¯0cpi+pi−) we have
λ = 0.034 and λ = 0.045 respectively. The problem arises
with the decay Y +cc¯ → (Σ+c Σ¯0c + Σ++c Σ−c )pi0. It happens
merely 4.37 ± 0.49MeV below the Λ+c1Σ¯0c threshold, yet
the Λ+c1 → Σ+c pi0 decay width, though unknown, is com-
parable to that value. From heavy baryon chiral pertur-
bation theory [49] we expect this decay to be
Γ(Λ+c1 → Σ+c pi0) =
1
2pi
mΣc
mΛc1
h22ω
2
pi
f2pi
qpi , (12)
with qpi the momentum of the outgoing pion, leading to
2.1+0.5−0.4MeV with the numbers we are using here. For
a molecular state near threshold, this leaves the range
λ ∼ 0.18 − 0.30 with the central value λ = 0.24. These
numbers are not bad but not ideal either. They can im-
ply a sizeable distortion of the lineshapes [55], indicating
that a more complete analysis of shallow Coulomb-like
baryonium states might be useful. There is also the pos-
sibility that the interplay between the Λc1 → Σcpi and
Λc1 → Λcpipi will play in favor of neglecting the widths
in the shallow states. For comparison purposes, previous
speculations about the Y (4260) as a D0D¯∗/D1(2420)D¯
bound state owing to a ei|µpi |r/r OPE potential [56] (no-
tice the complex exponential) are probably theoretically
unsound because of the large width of the P-wave heavy
mesons [57], where in this example the dimensionless pa-
rameter λR is close to one. A more thorough answer
probably requires a full calculation in the line of the one
in Ref. [58] for the X(3872), which included the DD¯∗,
D∗D¯ and DD¯pi channels. The equivalent calculation for
the Ycc¯(5045) baryonium will require the inclusion of the
Λc1Σ¯c, ΣcΛ¯c1, ΣcΣ¯c and ΣcΣ¯cpi channels (the last one be-
ing also interesting because of the contribution of Σcpi to
the Λc1 wave function [59–61]). There is also the observa-
tion that the decay channels Σ+c Σ¯
0
cpi
0 and Σ++c Σ
−
c pi
0 do
not appear as intermediate states in the Y +cc¯ . This situa-
tion is different than in the X(3872), where the D0D¯0pi0
can be a transient state when the neutral pion is in flight,
which also happens in the Y 0cc¯ with the Λ
+
c1 → Σ+c pi0.
This is the reason why the OPE potential in the Y +cc¯ is
real, while in the X(3872) or in the Y 0cc¯ it acquires a com-
plex part. As a consequence the contribution from the
aforementioned decay channels might be important for
the location of the Y 0cc¯ but not necessarily for the Y
+
cc¯ .
In the previous discussion we have only considered the
states with η = −1, for which the OPE potential is at-
tractive. For η = +1, though OPE is repulsive, there
is the interesting feature that the decay Ycc¯ → ΣcΣ¯cpi
is forbidden by C- and G-parity for an S-wave pion. In
fact the G-parity of the initial Ycc¯ is G = (−1)S, the
final ΣcΣ¯c has G = (−1)S and the pion has G = −1.
Vector meson exchange suggest that the short range in-
teraction between the Λc1 and Σ¯c is repulsive, but two-
pion exchange is likely to be attractive at intermediate
distances. If strong enough it could give rise to a bound
state or a resonance above the threshold owing to the
Coulomb-like potential barrier (which at 1 fm rises to 6-7
MeV). Despite unlikely this type of baryonium is indeed
very interesting as the main decay mechanisms are for-
bidden and hence we can expect a state narrower than
its components.
The Ycc¯ can also decay into charmonium / charmed
meson-antimeson pairs and light hadrons. The inter-
mediate states are hundreds of MeV below the Λc1Σc
threshold but might still affect the location of the bound
states, as happens for instance in the nucleon-antinucleon
case [62, 63]. The mechanism behind these decays is of a
short-range nature and can be modelled with a complex
potential, for which we will present exploratory calcula-
tions later (in line with the calculations of Ref. [63]). We
will find that if binding is due to Coulomb-like OPE then
the Ycc¯ will be relatively unaffected by annihilation.
Finally we consider the baryon-baryon case, for which
the OPE potential reads
VOPE(r) = − h
2
2ω
2
pi
4pif2pi
e−µpir
r
(
0 1
1 0
)
, (13)
where µ2pi = m
2
pi − ω2pi with ωpi = mΛc1 −mΣc . Channels
1 and 2 are Λc1Σc and ΣcΛc1 respectively. The OPE
potential is attractive for S = 0, for which the baryons
take the configuration
|Ycc〉 = 1√
2
{|Λc1Σc〉+ |ΣcΛc1〉} , (14)
while for S = 1 it happens to be repulsive 2. The S = 0
(S = 1) long-range potential is indeed identical to that
of the baryon-antibaryon case with η = −1 (η = +1),
except that in the later case OPE is independent of spin.
The short-range physics is expected to be different in the
baryon-baryon and baryon-antibaryon systems.
We can quantify the discussion about the existence of
the bound states in the following way. We will assume
that the OPE potential is only valid above a certain cut-
off radius Rc, below which the interaction is described by
2 The easiest way to see this is the formulation of extended Fermi-
Dirac statistics for the Λc1 and Σc baryons (in analogy to the
neutron-proton case). In this case the wave function is antisym-
metric under the exchange of particles 1 and 2, which means
that the configuration that gives an attractive potential must
have S = 0. Another way to determine the sign is to notice
that the potential is defined in the Λc1Σc → Λc1Σc channel,
which implies the exchange of the Λc1 and Σc fields in the fi-
nal state, leading to a (−1)S overall factor (as in the Λ(1405)N
system [64]).
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FIG. 2. Binding energy for the Ycc and Ycc¯ states depend-
ing on the relative strength of the short-range attraction. In
the absence of OPE or other long-range forces, c0 = 1 corre-
sponds to a bound state at threshold. The blue-dashed line
is the binding energy that results from the short-range force
alone. The red band is the binding energy when one includes
Coulomb-like OPE, where the spread comes from the uncer-
tainty in h2. The binding stabilizes to EB = −0.09
+0.06
−0.08MeV
for c0 → −∞, i.e. for a hard-core at the cut-off radius. The
green band is the energy of the second bound states, which
appears at c0 > 0.9
+0.2
−0.4.
a delta-shell
V (r) = VOPE(r) θ(r −Rc) + C0
4piR2c
δ(r −Rc) . (15)
For convenience, instead of using the standard coupling
C0 we will define the reduced coupling
c0 = −2µYC0
4piRc
, (16)
where we have flipped the sign of the coupling such that
the delta-shell generates a bound state for c0 ≥ 1 with
binding momentum γ = (c0 − 1)/Rc. We can compute
the spectrum as a function of c0 and Rc. If we choose
Rc = 1 fm, which seems a sensible value, we obtain the
binding energies of Fig. (2). For c0 → −∞, which cor-
responds to a hard core at Rc, the ground state survives
with EB = −0.09+0.06−0.08MeV. For c0 = 1, OPE shifts the
binding energy from zero to EB = −1.9+0.5−0.6, which indi-
cates a moderate contribution from Coulomb-like OPE.
In addition for c0 > 0.9
+0.2
−0.4 a shallow excited state ap-
pears. We do not know the form of the short-range inter-
action between heavy baryons. Phenomenological argu-
ments (vector meson exchange) suggest that for the Ycc
(Ycc¯) short-range repulsion (attraction) is more likely
3.
3 ω exchange will generate a central force that is repulsive (at-
tractive) for ΣcΛc1 (Σ¯cΛc1), while ρ exchange will generate a
However the cut-off radius Rc = 1 fm probably lies in an
intermediate zone dominated by two-pion exchange and
other contributions which might be attractive. Hence we
expect the fundamental state of the double charmed Ycc
(and maybe the Ycc¯ baryonium too) to be deeper than
the predictions from OPE alone (thus implying the ex-
istence of a shallow excited state), though there is no
model-independent way to estimate how much exactly.
Yet regardless of the short-range details a shallow state
should survive.
The previous idea can be applied to discuss the effects
of annihilation in the Ycc¯(5045) baryonium. If we allow
the short-range delta-shell potential to be complex the
imaginary piece will represent Λc1Σ¯c annihilation. As
before we define the reduced couplings
c0 + i λ0 = −2µY C0
4piRc
, (17)
where c0 and λ0 are dimensionless and real, with λ0 the
coupling that models annihilation. We show the move-
ment of the Ycc¯(5045) pole in Fig. 3 for c0 = 0 (no short-
range attraction), c0 = 0.8 (a moderate short-range at-
traction which is on the verge of generating an excited
state) and c0 = 1.6 (strong short-range attraction gener-
ating a fundamental and excited state). For c0 = 0 the
molecular pole survives regardless of the strength of the
short-range annihilation amplitude. Though not shown
in Fig. 3, for short-range repulsion the movement of the
pole is pretty similar to the c0 = 0 case. For c0 = 0.8
and λ0 ≥ 0.44 the pole moves above the threshold but
is still located in the first Riemann sheet, which means
that in practice it is as if it vanishes. Conversely if we
increase the short-range attraction to the point of having
an excited and fundamental state (lower panel in Fig. 3),
the fundamental state vanishes after λ0 reaches a critical
value while the excited state survives for arbitrary values
of λ0, eventually becoming the new fundamental state. It
is worth mentioning that a more realistic representation
should take into account that the range of the annihila-
tion mechanism and the short-range attraction/repulsion
are not the same: annihilation is expected to happen at
distances considerably smaller than the Rc = 1 fm cut-off
we have used for the delta-shell. If anything this implies
that our calculation will overestimate the annihilation
width. Vector meson exchange is likely to be attractive
for the ΛcΣ¯c baryon-antibaryon system, but this depends
on the spin. For S = 0 both ω and ρ exchange are at-
tractive, while for S = 1 ω is attractive and ρ repulsive.
Ignoring ρ exchange and including OPE, σ and ω ex-
change, calculations in the OBE model with a monopolar
non-diagonal spin-spin force which for S = 1 (~σ1 ·~σ2 = 1) has the
same (opposite) sign of OPE for ΣcΛc1 (Σ¯cΛc1). The strength
of ω exchange can be deduced from SU(3)-flavour symmetry and
the OZI rule. The ρ coupling can be deduced from vector me-
son dominance and the electromagnetic decay Γ(Λc1 → Σcγ).
Unfortunately the size of this partial width is unknown.
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FIG. 3. Movement of the Ycc¯ pole in the complex plane
when we take into account baryon-antibaryon annihilation (in
MeV). This is done by means of a short-range complex poten-
tial with two dimensionless couplings c0 and λ0, which respec-
tively represent the short-range attraction and annihilation as
explained in the main text. For c0 = 0 (upper pannel), i.e.
no short-range attraction, the bound state survives regardless
of the magnitude of the annihilation amplitude. For c0 = 0.8
(middle pannel), which corresponds to moderate short-range
attraction (close to generating an excited bound state), the
Ycc¯ state will become unbound for λ0 ≥ 0.44. For c0 = 1.6
(lower panel) the short-range attraction is strong enough as
to generate a fundamental and excited state. The fundamen-
tal state (red line) crosses the threshold for λ0 ≥ 0.81, while
the excited state (green line) binds regardless of short-range
annihilation.
form factor of Λ = 0.9−1.2GeV indicate the existence of
a shallow bound state at 0.1−0.2MeV and a deep bound
state at 15−130MeV. For S = 0 this suggest that we are
probably in the third scenario of Fig. 3, in which we have
a resilient shallow and a fragile deep state. Meanwhile
for S = 1 it depends on the interplay between ρ and ω
exchange. Thus the survival of the Ycc¯(5045) to annihi-
lation seems to be likely, though it ultimately depends
on how reliable is the phenomenology of short-range dy-
namics we are using here 4.
To summarize, the Λc1Σc and Λc1Σ¯c systems can ex-
change an S-wave pion almost on the mass shell giving
rise to a potential with an unusual long range. This
Coulomb-like OPE extends to distances large enough
as to have at least a shallow S-wave state. The spec-
trum might very well include additional states owing to
the short-range interaction between the baryons. The
baryon-antibaryon states appear both in the S = 0, 1
configurations, where the G-parity is required to be
(−1)S+L+1 for Coulomb-like OPE to be attractive. For
the baryon-baryon states OPE is attractive for S = 0, for
which the long-range piece of the potential is identical to
the previous case. They should bind even if the unknown
short-range interaction is strongly repulsive. The shallow
nature of these states begs the question of whether they
survive once we take into account the finite width of the
heavy baryons. The answer is probably yes, but a deeper
theoretical analysis than the one presented here would be
very welcome. In addition the baryon-antibaryon states
can annihilate, i.e. decay into charmonium, heavy meson-
antimeson pairs and so on. Preliminary calculations in-
dicate that the survival Λc1Σ¯c states is possible but de-
pends on the short-range dynamics. Finally we stress
that the mechanism binding the Λc1Σc and Λc1Σ¯c ex-
tends to other systems composed of two opposite parity
hadrons with the same spin and a mass difference similar
to that of a pseudo-Goldstone boson.
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4 At this point it is interesting to compare the Λc1Σ¯c baryonium
with the more well-known nucleon-antinucleon baryonium. The
nucleon-antinucleon interaction is very attractive at short dis-
tances because of ω-exchange, from which there should be a
rich spectrum of molecular states. But annihilation probably
prevents this spectrum to be realized [62, 63] (maybe with ex-
ceptions if the pp¯ enhancement observed by the BES collabo-
ration [65] turns out to be a baryonium). The reason why the
Λc1Σ¯ baryonium is more resilient to annihilation is the unnatu-
rally large range of the binding mechanism. The natural scale at
which annihilation happens is about a few GeV, which is to be
compared with an effective pion mass of 20MeV. In contrast for
nucleon-antinucleon, which probably binds because vector me-
son exchange, we have to compare the annihilation scale with
the ω/ρ meson mass. Notice that if the Λc1Σ¯c baryonium were
to be bound because of short-range attraction then the conclu-
sions would be different.
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